Viroids, small single-stranded circular RNAs (246±401 nucleotides), do not have mRNA capacity and must recruit host proteins to assist in the steps of their biological cycle. The nature of these cellular factors is poorly understood due to a lack of reliable experimental approaches. Here, to screen for host proteins interacting with viroid RNAs in vivo, we UV-irradiated avocado leaves infected with avocado sunblotch viroid (ASBVd), the type member of chloroplast viroids containing hammerhead ribozymes. This resulted in the detection of several ASBVd±host protein adducts. Tandem mass spectrometry analysis of the most abundant cross-linked species identi®ed the protein component as two closely related chloroplast RNAbinding proteins (PARBP33 and PARBP35) of a family whose members previously have been shown to be involved in stabilization, maturation and editing of chloroplast transcripts. PARBP33 behaves as an RNA chaperone that stimulates in vitro the hammerheadmediated self-cleavage of the multimeric ASBVd transcripts that result from rolling circle replication, indicating that this reaction, despite its RNA-based mechanism, is facilitated by proteins. The structural and functional parallelism between PARBP33 and PARBP35, and some proteins involved in viral RNA replication, indicates that viroids and RNA viruses recruit similar host proteins for their replication.
Introduction
There is considerable experimental data supporting the view that due to the limited information content of their genomes, bacterial, plant and animal RNA viruses rely on different host proteins which are diverted from their normal functions to assist in the replication and transcription of the RNA from these pathogens (for reviews see Blumenthal and Carmichael, 1979; Buck, 1996; De and Banerjee, 1997; Lai, 1998) . The most convincing data behind this view come from a yeast-derived system for studying replication of brome mosaic virus, with which many yeast mutants that affect viral RNA replication or transcription have been obtained (Janda and Ahlquist, 1993) . The situation is even more extreme in viroids, whose genome is constituted exclusively of a small circular RNA of 246±401 nucleotides without any apparent coding capacity, and which are able to replicate autonomously in certain plants (for reviews see Diener, 1999; Flores et al., 2000a,b) . Therefore, viroid-based systems offer a simpli®ed context for identifying host proteins assisting the replication of an RNA without interference by switchings between replication and transcription, or between transcription and translation, as when dealing with viral RNAs.
The~30 characterized viroid species have been classi®ed into two different families (Flores et al., 2000a) . Most viroids, which contain in their molecules a typical central conserved region (CCR), belong to the family Pospiviroidae, whereas three viroids that lack the CCR but are able to adopt self-cleaving hammerhead ribozymes are grouped in the family Avsunviroidae (for a review see Flores et al., 2000b) . Moreover, in those viroid species studied to date, it has been shown that while members of the family Pospiviroidae replicate and accumulate in the nucleus (Diener, 1971; Spiesmacher et al., 1983; Harders et al., 1989; Bon®glioli et al., 1996; Woo et al., 1999) , members of the family Avsunviroidae replicate and accumulate in the chloroplast (Bon®glioli et al., 1994; Lima et al., 1994; Bussie Áre et al., 1999; Navarro et al., 1999) .
Viroids replicate through an RNA-based rolling circle mechanism for which two different pathways, symmetric and asymmetric, have been proposed (Branch and Robertson, 1984) . Avocado sunblotch viroid (ASBVd), a circular RNA of 247 nucleotides (Hutchins et al., 1986) , is the type species of the family Avsunviroidae. ASBVd and possibly the other members of its family replicate through the symmetric pathway (Bruening et al., 1982; Hutchins et al., 1985; Daro Ás et al., 1994; Bussie Áre et al., 1999) , in contrast to potato spindle tuber viroid (PSTVd) (Diener, 1972; Gross et al., 1978) the type species of the family Pospiviroidae, and possibly the other members of this family that follow the asymmetric pathway (Branch et al., 1988; Feldstein et al., 1998) . In ASBVd, the monomeric circular RNAs of both polarities serve as templates for synthesis of their complementary oligomeric RNAs, in a process apparently catalyzed by a nuclear-encoded chloroplast RNA polymerase that starts transcription in a de®ned (A + U)-rich region in each polarity strand . The resulting (+) and (±) oligomers, the (+) polarity being assigned arbitrarily to the strand that accumulates more abundantly in infected tissue, self-cleave through the activity of hammerhead ribozymes embedded in these RNAs (Hutchins et al., 1986; Prody et al., 1986; Forster and Symons, 1987 ; for a review see Flores et al., 2001) , to yield monomeric linear forms that presumably are circularized by an RNA ligase. This latter step, however, A chloroplast protein binds a viroid RNA in vivo and facilitates its hammerhead-mediated self-cleavage The EMBO Journal Vol. 21 No. 4 pp. 749±759, 2002 ã European Molecular Biology Organization has been proposed to occur autocatalytically at least in peach latent mosaic viroid .
The search for cellular factors which assist steps in the biological cycle of viroids, particularly replication, has been based on indirect assays, mainly in vitro binding between viroid RNAs and host proteins extracted from the infected tissue (Wolff et al., 1985; Hadidi, 1988) or expressed from cDNA libraries (Sagesser et al., 1997) , or in vitro analysis of subcellular fractions (Hadidi, 1988; Klaff et al., 1989) . These approaches have met with only partial success and, most importantly, they leave unanswered the questions of whether the observed interactions also occur in vivo and their possible functional signi®cance. In an attempt to circumvent these limitations, we have focused on more direct techniques. UV crosslinking is a powerful methodology for characterization of RNA±protein interactions in ribonucleoprotein complexes. UV light is a`zero-length' cross-linking agent able to induce formation of covalent bonds between nucleic acids and proteins at their contact points, therebỳ freezing' the interaction between the two molecules (Hockensmith et al., 1991; Pashev et al., 1991) . In the present work, we have applied a strategy of this kind by UV-irradiating ASBVd-infected avocado leaves to screen for host proteins directly interacting with viroid RNAs in vivo. This has led to the identi®cation of several ASBVd±host protein adducts and to the characterization of the protein component of the most abundant cross-linked species as two closely related chloroplast RNA-binding proteins belonging to a family whose members have been shown previously to be involved in different steps of RNA metabolism in this organelle. At least one of these avocado proteins behaves as an RNA chaperone and stimulates in vitro, and possibly in vivo, the hammerhead-mediated self-cleavage of multimeric ASBVd transcripts.
Results

Formation of ASBVd±protein cross-linked adducts by UV irradiation of ASBVd-infected leaves
To search for host factors that interact directly in vivo with viroid RNAs, sections of ASBVd-infected avocado leaves were irradiated with different doses of UV light and immediately homogenized in an aqueous buffer containing 5 M urea. The extracts were separated by denaturing PAGE and ASBVd RNAs were revealed by northern blot hybridization with probes complementary to (+) and (±) viroid strands. Analysis with the probe for detecting the (+) viroid RNAs showed a series of prominent bands, whose intensity remained unchanged with the radiation dose ( Figure 1A ) corresponding to a series of ASBVd RNAs identi®ed and characterized in previous studies (Hutchins et al., 1985; Daro Ás et al., 1994) . Prominent among them are the dimeric circular (dc) and linear (dl), the supragenomic (sup), and the monomeric circular (mc) and linear (ml) ASBVd (+) RNAs. However, a previously undescribed additional band was also detected in a position between the dl-and sup-ASBVd (+) RNAs in the irradiated extracts ( Figure 1A , lanes 2±7). Interestingly, the intensity of this band grew with the radiation dose from 1 to 32 J/cm 2 , suggesting that UV promoted the formation of a covalent adduct by crosslinking an ASBVd RNA to another molecule of host origin. However, the possibility of an intra-or intermolecular viroid RNA cross-link could not be discarded from these results. No band changing its intensity with the UV irradiation dose was observed when a probe for detecting (±) viroid strands was used in parallel northern blot hybridizations, and no ASBVd-speci®c signals were detected with extracts from non-infected avocado leaves (data not shown).
To investigate further the nature of the ASBVd crosslinked species, an RNA fraction from irradiated tissue enriched in this species was treated with proteinase K and the digestion products were analyzed by denaturing PAGE and northern blot hybridization with a probe for detecting (+) viroid strands. The band corresponding to the ASBVd cross-linked species completely disappeared as a consequence of the treatment, whereas none of the other bands corresponding to major ASBVd RNAs suffered any alteration ( Figure 1B, compare lanes 3 and 4) . This result showed that the ASBVd cross-linked species resulted from the formation of a covalent adduct between an ASBVd (+) RNA and a protein from the host.
Puri®cation of the ASBVd±protein adduct
To identify the host protein, which together with the ASBVd RNA forms the adduct, a protocol to purify it from UV-irradiated tissue was developed (Figure 2) . First, the tissue was homogenized in the presence of an aqueous buffer, but the adduct was only recovered in the supernatant when the homogenization was made in partially denaturing conditions with urea (data not shown). The extract, typically obtained in 5 M urea, was clari®ed further by increasing the urea concentration up to 8 M and adding NaCl up to 1 M, and discarding by centrifugation the material sedimenting under these conditions. The supernatant was extracted with a buffer-saturated mix of phenol and chloroform, and the aqueous and organic phases, as well as the interphase, were recovered. The ASBVd±protein adduct, composed of two moieties which behave differently in this kind of partition, was observed accumulating in the interphase. This puri®cation step was particularly useful, as it enabled the easy recovery of a fraction enriched in the adduct and its separation from other viroid RNAs, as revealed by analysis of the three fractions by denaturing PAGE and northern blot hybridization analysis ( Figure 3A ). Viroid RNAs remained in the aqueous phase during the partition: bands arising from dc-, sup-, mc-and ml-ASBVd (+) RNAs exhibited approximately the same intensity in the initial crude extract and the aqueous phase fraction ( Figure 3A , lanes 1 and 2), while they were not detected in the interphase fraction or only observed as weak bands in the case of the two most abundant dc-and mc-ASBVd (+) RNAs ( Figure 3A , lane 3). In contrast, the band generated by the ASBVd±protein adduct was prominent in the interphase and absent in the aqueous phase ( Figure 3A, lanes 2 and 3) . Furthermore, the analysis of the interphase fraction revealed the existence of three additional bands with a similar behavior to the adduct during partition ( Figure 3A , lane 3). These three new species remained unnoticed in the initial analysis, possibly because the two of higher molecular weight accumulated at lower concentrations and could only be detected in the 20-fold concentrated interphase fraction, and because the most concentrated species, with a slightly slower mobility than the previously identi®ed adduct, co-migrated with the dl-ASBVd (+) RNA in the denaturing PAGE and could only be observed clearly after separating the two species in two different fractions ( Figure 3A , compare lanes 1, 2 and 3). As expected, no viroid RNAs were detected in the organic phase ( Figure 3A , lane 4).
The nature of the three new putative ASBVd crosslinked species was investigated by treating the concentrated interphase fraction with proteinase K, and analyzing the products by denaturing PAGE and northern blot hybridization with a probe for detecting (+) viroid strands. The three new species behaved like the ASBVd±protein adduct previously investigated and completely disappeared as a consequence of the digestion (data not shown). Therefore, the four bands corresponded to four different ASBVd±protein adducts that were named 1, 2, 3 and 4 according to their position from the origin of the gel ( Figure 3A) , with the ASBVd±protein cross-linked species adduct 4 being detected initially. Digestion with proteinase K of the two closely migrating adducts 3 and 4 also allowed the identi®cation of the ASBVd RNA crosslinked to host proteins as mc-ASBVd (+) RNA ( Figure 3B , compare lanes 3 and 4).
At this point, puri®cation efforts were focused on the most abundant ASBVd±protein adducts 3 and 4. Components of the concentrated interphase fraction were separated by non-denaturing PAGE using solubilizable disul®de gels, and the gel segment containing adducts 3 and 4 was excised and solubilized. Adducts were recovered by anion-exchange chromatography, concentrated by alcohol precipitation and separated in duplicate SDS±polyacrylamide gels for preparative and analytical purposes. RNAs in the ®rst gel were stained sequentially with ethidium bromide and silver, while RNAs in the second gel were transferred to a nylon membrane and Host proteins assisting hammerhead viroid replication hybridized with a probe for detecting ASBVd (+) strands. Three prominent bands that were observed in the preparative gel by ethidium bromide ( Figure 4A ) and silver staining (data not shown) were also recognized by the viroid-speci®c probe ( Figure 4B ). The two slowest migrating species corresponded to ASBVd±protein adducts 3 and 4, and the fastest migrating species to mc-ASBVd RNA according to the mobility of a puri®ed standard in this type of gel (data not shown).
Identi®cation of host proteins cross-linked to ASBVd RNA The minimal amounts of puri®ed ASBVd±protein adducts impeded application of classical N-terminal sequencing using Edman degradation. Therefore, we focused on the identi®cation of the protein component of the most abundant adduct 3 (Figure 4 ), using a more sensitive analysis by mass spectrometry (Mann et al., 2001) . The band corresponding to adduct 3 was cut from the silverstained gel, subjected to in-gel trypsin digestion, the resulting peptides eluted and four of them sequenced by tandem mass spectrometry. When peptide amino acid sequence information was used to search for homologs in protein sequence databases, eight entries from six different plant species were retrieved ( Figure 5 ), all belonging to a family of nuclear-encoded RNA-binding proteins localized to the chloroplast, more speci®cally to group II of this family (Schuster and Gruissem, 1991; Ye et al., 1991; BarZvi et al., 1992; Ohta et al., 1995) . These results strongly suggested that the protein cross-linked to ASBVd RNA was an avocado homolog of these proteins.
To acquire more direct evidence of this, a pair of degenerate primers derived from the partial sequence of two of the tryptic peptides was used to amplify by RT±PCR a fragment of the cDNA from avocado corresponding to the cross-linked protein. From the sequence of the 71 bp ampli®ed fragment, two pairs of nested primers were designed in upstream and downstream orientation to 5 . Identi®cation of the protein moiety cross-linked to mc-ASBVd (+) forming adduct 3. (A) Peptide sequence tags derived from tandem mass spectrometry analysis and entries retrieved from protein sequence databases using the program PeptideSearch. The sequence tags, which correspond to Y¢¢-type ions and are written from the C-to the N-terminal end following an established convention, are composed of a string of amino acid residues¯anked by the mass of the lowest and the largest ion of the series in parentheses (Mann and Wilm, 1994) . Accession numbers correspond to Swiss-Prot (S) or TrEMBL sequence databases (E). (B) Multiple sequence alignment of the retrieved proteins from databases using the program PeptideSearch. Regions matching the four sequence tags are boxed, with non-identical residues indicated by italics. The sequences of avocado proteins PARBP33 and PARBP35 (see Results) have also been included in the alignment. allow 5¢ and 3¢ RACE (rapid ampli®cation of cDNA ends). Analysis of the sequence of the resulting clones showed the existence of two different but closely related cDNAs. The sequence of the complete ®rst mRNA (1253 nucleotides) consisted of a 5¢-untranslated region (UTR) of 67 nucleotides, followed by an open reading frame (ORF) of 900 nucleotides encoding a protein of 300 amino acids with a molecular mass of 32.9 kDa and a 3¢-UTR of 286 nucleotides with a poly(A) + tail. The second mRNA (1244 nucleotides) had a 5¢-UTR of 71 nucleotides, an ORF of 945 nucleotides encoding a protein of 315 amino acids with a molecular mass of 34.7 kDa and a 3¢-UTR of 228 nucleotides with a poly(A) + tail. These sequence data have been deposited in DDBJ/EMBL/GenBank (accession Nos AJ421780 and AJ421781).
Inspection of the amino acid sequence of these two proteins showed that two of the tryptic peptides sequenced by mass spectrometry corresponded to the 32.9 kDa protein and the other two tryptic peptides to the 34.7 kDa protein, thus indicating that adduct 3 was a mixture of two species. The amino acid sequences of the two avocado proteins revealed a high identity between them and with members of group II of the family of chloroplast RNAbinding proteins (Ohta et al., 1995) . Figure 6 shows the sequence alignments between the two avocado proteins (65% identity) and between one of them and a representative member of this group II, the precursor of the chloroplastic RNA-binding protein (329 amino acids) from Arabidopsis thaliana (ATRBP33, Swiss-Prot database accession No. Q04836) (Bar-Zvi et al., 1992; Cheng et al., 1994; Ohta et al., 1995) : the two latter proteins showed 57% sequence identity and the same domain distribution (see below). Consequently, the avocado proteins were named precursors of the chloroplast RNAbinding proteins from Persea americana (PARBP33 and PARBP35). Considering the close similarity existing between these two proteins, hereafter we concentrated our attention on PARBP33.
Like ATRBP33, PARBP33 contains a putative N-terminal transit peptide rich in serine (~30% of the residues) that could potentially mediate the import of the protein to the chloroplast. The exact length of the putative transit peptide in PARBP33 could not be inferred from sequence comparisons with ATRBP33 or other members of group II, but, from the alignment (Figure 6B ), an approximate size of 53 residues was estimated, 17% of them identical to the putative transit peptide of ATRBP33. Following the putative transit peptide, PARBP33 has an acidic domain showing a 33% identity with the corresponding acidic domain of ATRBP33. In both proteins, 40% of the residues of this domain are aspartic or glutamic acid. Within the acidic domain, ATRBP33 Fig. 6 . Sequence alignments between the avocado chloroplast RNA-binding proteins PARBP33 and PARBP35 (A) and between PARBP33 and ATRBP33 from A.thaliana (Swiss-Prot database accession No. Q04836) (B). The alignments were obtained using the Clustal W program with opening gap and end gap penalties of 10, and extending gap and separation gap penalties of 0.05. Arrowheads point to the processing site that in ATRBP33 separates the transit peptide from the mature protein (Ohta et al., 1995) and the putative processing sites in PARBP33 and PARBP35. Dashed and continuous lines delimit the acidic domain and the two RNA recognition motifs (RRMs), respectively. Conserved RNP-1 octapeptide and RNP-2 hexapeptide in both RRMs are boxed.`*' indicates identical residues in the alignment, and`:' and`.' indicate conserved and semi-conserved substitutions, respectively.
contains six tandem repeats of SEGDX (residues 108±137) that are not present in PARBP33, which, in contrast, has four EG repeats (residues 79±86). After the acidic domain, PARBP33 has two consecutive RNA-binding domains of the RNA recognition motif (RRM) class, each with the two conserved boxes RNP-1 and RNP-2 (Burd and Dreyfuss, 1994) . The ®rst and second PARBP33 RRMs have 77 and 79 amino acids, and are 86 and 82% identical to those of ATRBP33, respectively. RNP-1 and RNP-2 boxes of the ®rst PARBP33 RRM are RGFGFVTM and LFVGNL, respectively, whereas the second PARBP33 RMM contains RGFGFVTM and MYVGNL, respectively ( Figure 6B ). Both RRMs are separated by a spacer region of 15 amino acids 60% identical to the spacer region of ATRBP33. Finally, in the C-terminal end of PARBP33, there is a small positively charged region of seven amino acids 43% identical to that of ATRBP33.
Immunodetection of the ASBVd±PARBP33 adduct
Mass spectrometry analysis resulted in identi®cation of PARBP33 (and PARBP35) as the avocado protein crosslinked to mc-ASBVd (+) RNA forming adduct 3. To corroborate this ®nding by an independent approach, PARBP33, tagged at its C-terminal end with the octapeptide VEH 6 , was expressed in Escherichia coli, puri®ed by immobilized Ni af®nity chromatography and used to obtain a rabbit antiserum. Once this antiserum had been shown to react speci®cally with the puri®ed recombinant protein and with the native protein present in extracts from avocado leaves (data not shown), two aliquots of the concentrated interphase fraction resulting from phenol extraction of UV-irradiated ASBVd-infected leaves (see Figure 3) were separated by PAGE in urea gels. Material from one lane was transferred to a PVDF membrane and analyzed by western blot with the PARBP33-speci®c antiserum, whereas material from the other lane was transferred to a nylon membrane and analyzed by northern blot hybridization with a probe for detecting (+) viroid strands. Antibodies reacted with a species migrating at exactly the same position as the ASBVd±PARBP33 adduct revealed by northern blot hybridization (Figure 7 ). This result con®rmed that the ASBVd±PARBP33 adduct (adduct 3) was the result of the UV-induced cross-link between mc-ASBVd (+) RNA and the chloroplast RNAbinding protein PARBP33, and also showed that the protein moiety of adduct 4 is distinct from PARBP33. The strong signal in the lower part of the western blot is due to free PARBP33 (data not shown) and the signal in the upper part of the blot is presumably generated by PARBP33 cross-linked to chloroplastic RNAs. This intense background precluded the clear distinction of a signal in the region of the blot corresponding to adducts 1 and 2.
Assisting effect of PARBP33 protein in self-cleavage of dimeric ASBVd (+) transcripts Some RNA-binding proteins of viral and cellular origin stimulate catalysis by hammerhead ribozymes in vitro, a property that has been proposed to result from the RNA chaperone activity of these proteins (Herschlag et al., 1994; Huang and Wu, 1998) . This prompted us to check whether PARBP33 could in¯uence self-cleavage of ASBVd RNAs in vitro. To examine this possibility, radioactively labeled dimeric ASBVd (+) transcripts were incubated with and without recombinant PARBP33. We chose this RNA as a representative of the oligomeric intermediates generated in the rolling circle mechanism of replication of this viroid (Bruening et al., 1982; Hutchins et al., 1986; Daro Ás et al., 1994) and also because hammerhead structures in ASBVd appear to act as double, and not as single, self-cleaving domains (Forster et al., 1988) . When aliquots of both reactions taken at different times were analyzed by denaturing PAGE, the primary transcript of 512 nucleotides was observed to self-cleave as early as 2 min later, yielding two products of 432 and 327 nucleotides that resulted from the action of one or the other hammerhead structure and three products of 247, 185 and 80 nucleotides (the latter, not visible because of its small size, migrated out of the gel) that resulted from the action of both hammerhead structures (Figure 8 ). Comparative analysis of the products from both selfcleavage reactions showed that PARBP33 accelerated RNA self-cleavage: the dimeric ASBVd (+) transcript of 512 nucleotides and its derivatives of 432 and 327 nucleotides resulting from processing at one of the two self-cleavage sites disappeared more quickly during incubation, along with the accumulation of the ml-ASBVd (+) RNA of 247 nucleotides which resulted from processing at both self-cleavage sites ( Figure 8B ). Some other bands that increased their intensity with the incubation time, two between the ASBVd RNAs of 432 and 327 nucleotides, and two which migrated faster than the ASBVd RNA of 185 nucleotides, most probably resulted from RNA sites particularly prone to non-enzymatic degradation (some of the bands were visible in the protein-free incubation) or from RNase traces contaminating PARBP33.
Discussion
Viroids, in spite of their minimal genome size, manage to independently complete a complex infectious cycle in host plants that, in addition to replication, includes intracellular, intercellular and long-distance movement of the genomic RNA (Palukaitis, 1987; Woo et al., 1999; Zhu et al., 2001) , activation of host defense mechanisms (Itaya Fig. 7 . ASBVd±protein adduct 3 as revealed with a PARBP33-speci®c antiserum (A) and with a probe speci®c for (+) viroid strands (B). Aliquots of the concentrated interphase fraction from ASBVd-infected UV-irradiated leaves were separated by denaturing PAGE in urea gels and transferred to PVDF and nylon membranes, respectively. The positions of the ASBVd±protein adducts and of the mc-ASBVd RNA are indicated between both panels. ) and, in most cases, induction of a pathogenic effect. However, because the available evidence strongly suggests that viroids do not code for any protein (for a review see Diener, 1999) , these RNAs must interact with cellular proteins and recruit them to mediate different steps of their biological cycle. Apart from some data on the host RNA polymerase involved in replication of certain members of the family Pospiviroidae (Mu Èhlbach and Sa Ènger, 1979; Flores and Semancik, 1982; Schindler and Mu Èhlbach, 1992; Warrilow and Symons, 1999) , and on the possible participation of a phloem protein in movement of a viroid of this family (Go Âmez and Palla Âs, 2001; Owens et al., 2001) , very little is known about other biologically relevant cellular proteins. This is particularly true for members of the other family, Avsunviroidae. Only some information about the nature of the chloroplastic RNA polymerase presumably catalyzing their replication has been obtained recently for ASBVd using an avocado system and for PLMVd with a bacterial system (Pelchat et al., 2001) . However, additional host proteins are most likely to be involved in this and in other replication steps including self-cleavage which, despite being an RNA-based reaction, presumably is assisted in vivo by one or more cellular proteins.
To search for such proteins, we applied a strategy of UV irradiation of viroid-infected leaves to induce in situ crosslinking between viroid RNAs and host proteins physically associated with them in vivo. With this approach, we ®rst detected by northern blot hybridization one putative ASBVd±host protein adduct, whose nature was con®rmed by digestion with proteinase K. Disclosure of this interaction in intact tissue strongly suggests that it is biologically signi®cant. Moreover, the adduct was detected even with very low UV doses, and samples subjected to considerably higher doses showed no degradation of the avocado RNAs (data not shown), indicating that no disorganization occurred that could have promoted spurious interactions between ASBVd RNAs and host proteins. Following extraction with phenol/chloroform, the characteristic viroid RNAs remained in the aqueous phase, whereas the adduct accumulated in the interphase, probably due to its covalently attached protein moiety. Northern blot analysis of the concentrated interphase fraction showed the existence of at least three additional ASBVd RNA±host protein adducts, and proteinase K digestion revealed that mc-ASBVd (+) RNA was the RNA moiety in the two most abundant adducts (3 and 4, Figure 3 ). Similarly to adducts 3 and 4, which exhibited slightly slower mobilities than that of mc-ASBVd (+) RNA, adducts 1 and 2 showed a parallel retardation with respect to dc-ASBVd (+) RNA, suggesting that they are the counterparts of adducts 3 and 4 in which the crosslinked RNA moiety is the dc-instead of the mc-ASBVd (+) RNA.
We anticipated two properties for host protein candidates to interact in vivo with ASBVd RNAs: chloroplastic localization and RNA-binding activity. Tandem mass spectrometry analysis of the protein component of the most abundant adduct 3 led to peptide sequence tags matching the sequences of some members of a family of RNA-binding proteins from different plant species ( Figure 5 ). This family of nuclear-encoded chloroplastic proteins has been divided into three groups on the basis of phylogenetic comparisons (Ohta et al., 1995) . One member of each group has been identi®ed in A.thaliana (Ohta et al., 1995) although recent data indicate the existence of a second member of group II (Sato et al., 2000) . In other species with a more complex genome, such as Nicotiana sylvestris, the family is composed of two proteins of group I, two of group II and one of group III (Ye et al., 1991) . Other members of this family have been described in spinach (Schuster and Gruissem, 1991) , maize (Cook and Walker, 1992) and barley (Churin et al., 1999) . The 28RNP protein from spinach, which belongs to group II, has been involved in maturation of some chloroplastic mRNAs, more speci®cally in the formation of their 3¢ ends (Schuster and Gruissem, 1991) . Further studies with this tobacco family of proteins have shown that they are surprisingly abundant in the chloroplastic stroma, most of them forming complexes with mRNAs contributing to increase their stability (Nakamura et al., 2001) , whereas others, especially those of group II, are found associated with unspliced pre-tRNAs, pointing to their involvement in the splicing or stability of intron-containing pre-tRNAs (Nakamura et al., 1999) . Furthermore, group II protein (Hutchins et al., 1986) and numbers on the right indicate the size in nucleotides. (B) Self-cleavage kinetics of a radioactively labeled dimeric ASBVd (+) transcript incubated under standard self-cleavage conditions in the absence (lanes 1±5) or presence of PARBP33 (lanes 6±10). Reaction aliquots were taken at different times and analyzed by denaturing PAGE. Lane 0, control aliquot without incubation; lanes 1±5 and 6±10, aliquots taken after incubation for 2, 6, 14, 30 and 62 min, respectively. The positions of marker RNAs (with their sizes in nucleotides) are indicated on the left, and those of the uncleaved transcript and of the resulting self-cleavage fragments thereof on the right.
Host proteins assisting hammerhead viroid replication cp31 has been implicated recently in RNA editing of tobacco chloroplast RNAs (Hirose and Sugiura, 2001 ). Collectively, these observations indicate that members of this protein family mediate different steps of the posttranscriptional metabolism of chloroplast RNAs, including stabilization, maturation and editing, thus contributing to the control of gene expression in this organelle.
Cloning and sequencing of the complete cDNAs of the protein component of the most abundant viroid adduct revealed the existence of two proteins, and con®rmed that they were the avocado homologs of group II RNA-binding proteins; consequently, they were termed PARBP33 and PARBP35. These proteins contain the same domain distribution as the other members of the group, including an N-terminal putative transit peptide potentially directing the protein into the chloroplast, an acidic domain that forms the N-terminal region in the mature protein and two consecutive RNA-binding domains of the RMM class (Burd and Dreyfuss, 1994; Varani and Nagai, 1998) . Independent con®rmation that PARBP33 (and most probably PARBP35) was actually the protein cross-linked to ASBVd RNA, and not an accompanying contaminant (a remote possibility considering that adduct 3 was excised from an SDS±gel region close to a protein standard of 185 kDa, a size signi®cantly larger than that of the mature PARBP33 and PARBP35) was obtained by co-localization in parallel blots of adduct 3 with an ASBVd RNA-speci®c probe and a PARBP33-speci®c polyclonal antiserum.
Once the bona ®de nature of the ASBVd RNA±PARBP33 adduct had been established, we wondered about the role(s) of this protein in the viroid infection cycle. As already indicated, members of the family of chloroplast RNA-binding proteins to which PARBP33 belongs are involved in multiple steps of the post-transcriptional metabolism of chloroplast RNA transcripts, including maturation. We reasoned that hammerhead-mediated self-cleavage of oligomeric ASBVd RNAs, a key step of the rolling circle mechanism of replication, could be favored by PARBP33 protein. In vitro experiments using radioactively labeled dimeric ASBVd (+) transcripts demonstrated that this was indeed the case (Figure 8) . Although a previous work has shown the RNA chaperone activity of certain non-speci®c RNA-binding proteins in hammerhead ribozyme catalysis (Herschlag et al., 1994) , these proteins had a heterologous viral origin. Therefore, the situation reported here is, to our knowledge, the ®rst example in which an assisting effect on hammerhead-mediated RNA self-cleavage is demonstrated for a protein found to be physically associated with the RNA in vivo, providing a more direct support for the idea that, in the cellular habitat, catalysis by hammerhead ribozymes is a protein-facilitated process. On the other hand, considering that the family of proteins to which PARBP33 and PARBP35 belong is involved in binding ribosome-free chloroplastic transcripts contributing to their stabilization, the observed interaction of these proteins with mc-ASBVd (+) RNA, the ®nal product of the replication cycle, may also lend a protective effect to the viroid progeny resembling that provided by viral coat proteins to their cognate RNAs. It is interesting to note here that mcASBVd (+) RNA may reach very high accumulation levels in vivo, suggesting the existence of some mechanism protecting this RNA from degradation. Cellular proteins participating in viral RNA-dependent RNA synthesis have been classi®ed into those forming part of the RNA-dependent RNA polymerase (RdRp) holoenzyme and those binding to RNA template and directing the RdRp to the template (Lai, 1998) , with a third class binding to primary transcripts and mediating their processing, although these modes are not mutually exclusive. Typical representative proteins that do not form part of the RdRp holoenzyme are the polypyrimidine tractbinding (PTB) protein and the heterogeneous nuclear ribonucleoprotein (hnRNP) A1, which in uninfected cells are involved in pre-mRNA splicing in the nucleus (with the second additionally involved in translational regulation in the cytoplasm). In virus-infected cells they also participate in the transcription and replication of viral RNA, probably mediating 5¢±3¢ cross-talk (Shi et al., 2000; Huang and Lai, 2001 ). In the choroplast context, group II RNA-binding proteins to which PARBP33 and PARBP35 belong apparently play a similar role to that of hnRNP A1 and PTB proteins that also have RNA-binding domains of the RRM class. Consistent with this role, PARBP33 and PARBP35 were found in close association with mc-ASBVd (+) RNA in ASBVd-infected cells. Moreover, in vitro, and possibly in vivo, PARBP33 assists the hammerhead-mediated self-cleavage of multimeric ASBVd RNAs, although other additional functions cannot be excluded; for example, PARBP33 and PARBP35 might escort the viroid into the chloroplast. Incidentally, these results also suggest a possible involvement of proteins such as hnRNP A1 and PTB in the replication of nuclear viroids of the family Pospiviroidae. In summary, viroids and RNA viruses seem to recruit similar cellular proteins into replication complexes in which they may provide template speci®city for RNA-dependent RNA synthesis (a process catalyzed in viroids by DNA-dependent RNA polymerases that are forced to accept RNA templates) and facilitate appropriate processing.
Materials and methods
Tissue irradiation and homogenization
Leaf sections from ASBVd-infected avocado plants (Persea americana Mill.) were irradiated for different times using a UV cross-linker (Hoefer) equipped with 254 nm UV lamps and an internal dosimeter. Leaves were set on ice at~10 cm from the radiation source. Following irradiation, crude extracts were obtained by homogenizing the tissue in buffer B (0.1 M Tris±HCl pH 9.0, 0.1 M NaCl, 0.1 M 2-mercaptoethanol, 10 mM EDTA) containing 5 M urea, at a ratio of 5 ml of buffer per gram of fresh weight. Extracts were clari®ed by low-speed centrifugation.
RNA analysis by denaturing PAGE and northern blot hybridization RNAs were separated by denaturing 5% PAGE using TBE (89 mM Tris, 89 mM boric acid, 2.5 mM EDTA) for the electrode buffer, and the same plus 8 M urea for the gel buffer. After ethidium bromide staining, RNAs were electroblotted to nylon membranes (Hybond-N, Amersham Pharmacia Biotech) and ®xed by UV irradiation. Membranes were hybridized at 65°C in the presence of 50% formamide with 32 P-labeled RNA probes speci®c for both ASBVd polarity strands (Daro Ás et al., 1994) .
Proteinase K digestion
Preparations containing ASBVd±protein adducts were mixed with 20 mg of proteinase K in a volume of 100 ml of 10 mM Tris±HCl pH 8.0, 5 mM EDTA, 1 mM 2-mercaptoethanol and 0.5% SDS, and incubated ®rst at 42°C for 30 min and then at 55°C for another 30 min. After digestion, RNAs were recovered by ethanol precipitation.
Puri®cation of the RNA±protein adduct
ASBVd-infected avocado leaves (15 g) were irradiated with 60 J/cm 2 of UV light (see above) and homogenized with 75 ml of buffer B containing 5 M urea. The extract was clari®ed by low-speed centrifugation, and solid urea and NaCl were added while stirring to ®nal concentrations of 8 and 1 M, respectively. Precipitated material was discarded by centrifugation and the supernatant (~60 ml) was extracted with 30 ml of phenol/ chloroform (1:1) equilibrated and saturated with 0.1 M Tris±HCl pH 9.0. After centrifuging at 8000 g for 1 h, the aqueous and the organic phases, as well as the interphase, were recovered. No further treatment was applied to the aqueous phase. The organic phase was mixed with 1 vol. of isopropanol, kept for 1 h at ±20°C, and the precipitated material was recovered by centrifugation, washed with 70% ethanol, dried and resuspended in buffer C (25 mM Tris±HCl pH 9.0, 25 mM NaCl, 10 mM 2-mercaptoethanol, 1 mM EDTA, 8 M urea and 1% NP-40). The interphase was re-extracted with 60 ml of buffer B (containing 8 M urea and 1 M NaCl) and 30 ml of buffer-saturated phenol/chloroform, recovered by centrifugation and dispersed by stirring in 15 ml of buffer B (containing 8 M urea, 1 M NaCl and 1% SDS). After adding 1 vol. of isopropanol and stirring for 15 min, the mixture was kept for 1 h at ±20°C, and the precipitated material was recovered by centrifugation, washed with 70% ethanol, dried and resuspended in buffer C.
ASBVd±protein adducts present in the interphase fraction were puri®ed further by non-denaturing 5% PAGE in TAE buffer (40 mM Tris, 20 mM sodium acetate, 1 mM EDTA pH 7.2) using a polymerization mixture of acrylamide:N,N¢-bis(acryloyl)cystamine (29:1) that resulted in a gel solubilizable in an excess of a reducing agent (Hansen et al., 1980) . After staining with ethidium bromide, the segment delimited by the DNA markers of 300 and 400 bp was sliced and solubilized with 0.1 vol. of 2-mercaptoethanol. Then, 1 vol. of buffer RW (0.1 M Tris±HCl pH 7.0, 0.25 M NaCl, 10 mM EDTA, 10 mM 2-mercaptoethanol, 8 M urea and 1% NP-40) was added and the sample was loaded on a Qiagen tip-100 anion-exchange column previously equilibrated with 10 ml of RW buffer. The column was washed three times with 3.3 ml of RW buffer and eluted three times with 3.3 ml of buffer RE (0.1 M Tris±HCl pH 9.0, 1.5 M NaCl, 10 mM EDTA, 10 mM 2-mercaptoethanol, 8 M urea and 1% NP-40). Adducts in the eluted fractions were precipitated with isopropanol and resuspended in buffer C.
Mass spectrometry protein sequencing and database search Puri®ed ASBVd±protein adducts were separated by SDS±PAGE in 7.5% gels that were stained with silver. Protein analysis by tandem mass spectrometry was performed by Protana A/S (Odense, Denmark). To this end, the band corresponding to adduct 3 was sliced and subjected to in-gel digestion with trypsin (Shevchenko et al., 1996) . Tryptic peptides were micropuri®ed and sequenced on a Sciex QSTAR (quadruple-TOF mass spectrometer) equipped with a Protana A/S nanoelectrospray source. The resulting peptide amino acid sequences were queried against a nonredundant protein database using the WWW version of the PeptideSearch tool from the EMBL Protein and Peptide Group (Heidelberg, Germany).
RT±PCR ampli®cation of cDNA, cloning and sequencing Nucleic acids from avocado leaves were extracted with buffer-saturated phenol/chloroform and the polysaccharides were removed with methoxyethanol (Daro Ás et al., 1994) . Poly(A) + mRNA was puri®ed from the fraction insoluble in 2 M LiCl using the Oligotex mRNA kit (Qiagen). A fragment of 71 bp of the PARBP33 cDNA was RT±PCR ampli®ed with the Superscript II RNase H ± reverse transcriptase (Life Technologies) and Taq DNA polymerase (Roche Molecular Biochemicals) using the degenerated primers PI [5¢-GA(A/G)(A/T) (C/G)NGCNGA(A/G) and PII [5¢-GTN(C/G)(A/T) CATNGTNAC(A/G)AA-3¢] homologous and complementary, respectively, to the cDNA regions coding for peptides ESAEV(L/I) and FVTMST identi®ed by mass spectrometry (alternative residues in partially degenerated positions are given in parentheses; N refers to completely degenerated positions). From the sequence of the 71 bp fragment, two pairs of nested primers were designed: PIII (5¢-CGAGGTTATTTACAATAGAGAAACAG-3¢) and PIV (5¢-GAT-CAGAGTCGCGGGTTTGG-3¢) homologous to the cDNA fragment, and PV (5¢-ACTCTGATCTGTTTCTCTATTG-3¢) and PVI (5¢-CACAAAACCAAACCCGCG-3¢) complementary to the same sequence. These primers were used to RT±PCR amplify the 5¢ and 3¢ halves of the cDNA with the Marathon cDNA ampli®cation kit (Clontech), that were cloned in plasmid pGEM-T Easy (Promega). The inserts from 12 recombinant plasmids (six for the 5¢ half and six for the 3¢ half) were sequenced in both orientations with an ABI PRISM DNA-377 apparatus (Perkin-Elmer). Three additional clones from the 3¢ half exhibited a slightly different sequence corresponding to a closely related protein (PARBP35), the 5¢ half cDNA of which was ampli®ed by RT±PCR with primer PVII (5¢-TCATAGCGGTCAAACATCTCAATC-3¢).
Protein expression and puri®cation
With the previous sequence information, a cDNA corresponding to the complete PARBP33 ORF was RT±PCR ampli®ed from avocado poly(A) + mRNA with Superscript II RNase H ± reverse transcriptase and Pfu DNA polymerase (Stratagene), using the homologous primer PVIII (5¢-CGTACGCATATGGTACCCTCCTCCCCCATC-3¢) with an NdeI site, and the complementary primer PIX (5¢-CGTACGGTCGACAA-AGGAGGCACGCCTTGGTCG-3¢) with a SalI site (both restriction sites underlined). NdeI±SalI-digested cDNA was cloned in NdeI±XhoI-linearized plasmid pET-23a(+) (Novagen). The resulting plasmid directed, under the control of the T7 RNA polymerase promoter, the expression of a recombinant version of PARBP33 from avocado containing the C-terminal octapeptide tag VEH 6 . Escherichia coli cells of the strain BL21(DE3)pLysS (Novagen) were transformed with this plasmid, and a 250 ml culture was grown at 37°C to~0.6 OD 600 . The recombinant protein, whose expression was induced with 0.4 mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 4 h at 25°C, was puri®ed from the cell pellet in denaturing conditions (for antiserum production) and non-denaturing conditions (for RNA self-cleavage) using the Ni-NTA resin (Qiagen) and following the manufacturer's instructions.
Antiserum production and western blot analysis
Approximately 100 mg of the recombinant avocado protein PARBP33 were emulsi®ed with an equal volume of complete Freund's adjuvant and injected intradermaly into a rabbit. Immunizations were repeated twice more at 1 week intervals but using incomplete adjuvant. The rabbit was bled 1 week after the last immunization and the serum recovered by centrifugation. Western blot analysis was carried out using a 1:2000 dilution of the antiserum and the luminescent detection system ECL+Plus (Amersham Pharmacia Biotech).
In vitro self-cleavage of RNA Radioactively labeled dimeric ASBVd (+) RNA was synthesized by in vitro transcription, puri®ed by denaturing PAGE and resuspended in 1 mM EDTA pH 8.0 (Hutchins et al., 1986) . Aliquots (500 ng) were boiled for 2 min and snap-cooled on ice. After adding the self-cleavage buffer (®nal concentration 50 mM Tris±HCl pH 8.0, 10 mM MgCl 2 and 0.5 mM EDTA) and 500 ng of recombinant PARBP33, or the same volume of protein buffer, the reaction was incubated at 37°C. Samples were taken at different times and the reaction was stopped by mixing with 1 vol. of 20 mM EDTA pH 8.0 in 96% formamide, boiling for 2 min and snap-cooling on ice. RNAs were separated by denaturing PAGE and the extent of the self-cleavage reaction was monitored by autoradiography.
